X-ray de terminat ions of lattice strain were made on steel specimens under a series of static bending mo ments. These seri es of determinat ions were made on t he specimens as normalized and after various amounts of fat igue stressing. The slope of t he lin e relati ng t he bending moment to t he lattice strain was fou nd t o decrease with increasin g numbers of cycles of alternating stress. However, the decrease was of approximately th e same magnitnde for specimens stressed a bove and below the fat igue limit, showin g t hat t he chan ge wa s not associated with fatigue damage.
Introduction
In 1941 Glocker and coworkers 1 in Germany, published a r eport on the study of fatigue damage by m eans of X-ray stress m easurement. H e claimed that as fati gue damage increased there was a ch ange in the value of the surface stress measured with a given static load on th e specimen . This claim, if verified, would have required a fundamental chan ge in the prevalent ideas regarding the mechanism of fa tigue, according to which fatigue damage occurs in a very small volume of the m etal and the rest of the material r emains unch anged. This point of view would have to be abandoned, if it were possible to detect fatigue damage by m eans of X-ray diffraction, as the diffraction occurs from a r elatively large volume close to the surface of the specimen .
Because certain features of Glocker's work made th e results open to question, a proj ect was ini tiated · with a view to reproducing his experiments. It was immediately apparent at th at tim e th at in order to ob tain an unambiguou s result the sensitivity of str ess m easurem ent would h ave to b e improved over that which could b e r ealized with th e m ethods available. Th e techniqu es and instruments th at have b een developed in achieving th is objective h ave been described previously.23 The improvemen t in sensitivity and accuracy was made possible by increasing th e number of m easurem en ts m ade on each diffraction ring and b:v the use of instrumental rath er than visual methods for m aking the measuremen ts.
II. Materials and Test Methods
The specimens used in this work were made from SAE 4130 steel h aving the following composition (in percent): C, 0.33; Mn, 0. 53; P , 0.013; S, 0.019 ; Si, 0.24; Cr, 0.91 ; Mo, 0.21 . This steel was from the h eat used for tests reported previously,4 bein g identified in tha t r eport as material M357. Th e ' JR. Glocker, W . Lut z, and O. Scbaaber, E vidence on the state of fatig ue of metals obtaincd from an examination of tbe surface stresses by means of X·rays, Z. Ver. deut. Ing. 85, 793 (Oct. 1941) .
2 J . A. Bennet t and H. O. Vac her, Oalibration of X-ray measurement of strain , J. R esearch N B S 40, 285 (1948) RP1874.
• J. A. Bennett, Inst ru ment for measurement of X·ray di tTraction patterns, Re ,. Sci. I 'IlsIT. 20. 908 (1949) .
• J . A. Bennett, A study of t he damaging etTect of fatigue stressing all X4 130 steel, Proe. Am. Soc. Testing M at. 46, 693 (1946); J. R esearch NBS 31 , 123 (1946) RP1733.
grain size was small, corresponding to No. 10 on the ASTM scale, which made th e steel particularly suited to X-ray diffraction work.
The specimens were of th e commonly used R. R . Moore type h aving a minimum diameter of 0.25 in. and were h eat-tr eated after machining and polishing in order t o leave th e surface free from plastic deformation. The polishing was done manually with Aloxite paper , th e direction of polishing being parallel to th e l ength of t he specimen. After they were polish ed, th e sp ecimens were h eated in vacuum to 1,650° F and h eld 1 hr. They were then cooled by r emoving the furnace from around th e vacuum chamber, resul ting in a cooling rate n early as rapid as air cooling. This treatment will b e referred to as normalizing in th e remainder of this report. Finally, the r edu ced sec tion was etch ed 2 min in I-percen t nital, this having b een found necessary to obtain a sharp diffraction pattern.
The procedure used in all th e test reported h er e was to measure th e lattice strain und er a seri es of applied static lo ads. These series of determin ations wer e made on the specimen in th e normalized condition and after various amounts of fat igu e str essing. The strain determinations were based on th e ch anges in th e diffraction angle between patterns taken with the X-ray b eam incid ent at two differen t angles.
The jig for applying th e static load to th e fatigue specimen is shown in figure 1 . By ro ta ting the loadin g scr ew, eith er a tensile or compressive stress could be applied to th e front surface of the specimen . The load was applied through two calibrated springs (only one of which can be seen in the figure) and a pair of yokes th at di stributed th e load symmetrically to the two pins in th e specimen adapters. The deflections of th e springs wer e measured with a dial indicator having a long proj ection, whi ch was inserted throu gh a hole in th e shank of th e spring.
The springs wer e calibrated by dead-weigh t loading and the b ending moment on th e specimen was calculated from this calibration and th e measured distance between th e pairs of pins in the specimen adapters. Near th e end of th e investigation reported h ere, this calibration was ch ecked by m eans of a specimen having a rectangular cross section b etween the tapers. Wire strain gages were mounted on this specimen and the b ending moment applied to the specimen in the jig was m easured directly . This that scans the diffraction ring is an arc having the For each stress determination two patterns were exposed, one with the X-ray beam incid ent normal b ending momen t was in good agreement with that to the specimen and the other with an incident angle calculated from the spring deflection.
of 45 0 • In th e latter case the in cident beam , the The load ing jig was mounted on the assembly de-axis of the specimen and the normal to its surface scribed in the reference in footnote 2, wllich provided are in the sam e plane. Twelve measurements of means for setting the angle between the specimen ring radius wer e made on each pattern; for the 90 0 and the X-ray beam and for traversi~g the specimen incidence patterns the ring radius would be expected during the exposure. The film was not oscillated.
to be nearly constant around the ring, so the 12 The technique for m easuring the diffraction angle readings were averaged. For the oblique incidence is described in d etail in the references given in foot-patterns, however, the radius would theoretically notes 2 and 3, so only a brief outline will be given vary around the ring except for conditions of zero h ere. The following symbols and definition s are stress. However, by plotting the measurements on used:
these patterns against strain ratio, the points would be expected to fall on a straight line so the intercept R = radius of the Kal diffraction ring at {3 = 0 as d etermined by least squares can be taken S = specimen-to-film distance as the value representative of the 12 readings. This 8= diffraction angle method is applicable only in the case of uniaxial tan 28 = R /S stress. {3 = angle around the diffraction ring Since the publication of the reference cited in G= diameter of the calibrating ring footnote 2, it has been found n ecessary to make a e= strain in a g'iven direction f ' b 1 X correction or mlsalinement etween t le -ray beam ex= strain in a direction parallel to th e str ess and the center of the calibrating ring. The magniStrain ratio = e/ex . tude of this correction is determined from the The quantity tan 28 was determined by measur-deviations of individual readings from the average ing Rand S. The measurement of S was accom-for pattern s taken with the beam normally incident.
plished by means of a micrometer mounted on a Figure 3 shows a plot of these deviations against the separate ca mera track, the whole specimen mount angular position on the diffraction ring. The value assembly being placed on this track b efore and after plotted at each angular position is the average deviamaking an exposure. The radius, R, was deter-tion observed on six patterns. The assumption is mined by measurements on the diffraction patterns; made that the diffraction ring is a circle and that the a calibrating ring was exposed on the film immedi-observed deviations are due to a displacement beately after the diffraction ring, and the distance tween the center of this ring and the center of the between the two measured. This measurement, cor-calibrating ring. The correction would then be a rected for film shrinkage, was subtracted from the sine curve, and such a curve has been drawn on known inside diameter of the calibrating ring to figure 3, the phase and amplitude having been obtain the radius of the Ra! ring.
adjusted visually to give the best apparent fit to the A sketch of the instrument used for making these observed points. m easurements is shown in figure 2 and is fully deThe correction mentioned above was made rather scribed in the reference cited in footnote 3. It is than trying to eliminate the misalinem ent because of essentially a densitometer having a dial indicator to the small siz e of the error. It will b e noted that the measure the movement of the film. The slit in the data shown in figure 3, which are typical, indicate a optical system is curved so that the beam of ligh t displacement (between the center of the diffraction ring and the center of th e calibrating r ing) of less than 0.1 mm. Th e collimator for th e X -ray beam has pinholes with a diameter of 1 mm , so it app eared probable tha t one of th e causes of misalinem en t was uneven illumina tion from the target, which would cause the center of gravity of t h e b eam to be sligh tly displaced from the center of th e pinholes. This was corroborated by the fact that the deviations chan ged when it was necessary to ch ange the X-ray tube. As this source of errol' was inher ent in th e X-ray apparatus it was no t thought worth while to attempt to r educe th e other factors that contribu te d to th e total misalinem en t. This correction, of course, made no difference in th e average values of the radiu s obtained from m easurem ents on the pattern s taken at normal incidence. However , th er e was a significan t chan ge in the intercept obtained from the m easurem en ts on th e oblique incidence patterns (when the corrections obtained from th e normal incid ence patterns were applied). Figure 4 shows the m easurements, corr ected for misalinem ent, from a typical pat tel'l1 taken at 45° incidence. The points are plotted on a uniform strain ratio scale as shown at the top of the figure so that they would be expected to lie on a straight line, and it can be seen that this expectation is approximately fulfilled .
III. Results
Th e above procedure, then , provides a single valu e of tan 28 r epresentative of each pattern. Figure 5 shows these values plotted against the b ending moment applied to the specimen for a typical series of determinations. A positive valu e was assigned to the bending moment when the irradiated surface of the specimen was in tension, and vice versa. The ordor of applying the loads was as follows : 0, 15, 
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-20 ,33, -35,0 in.-lb . In gen eral, a similar sch edule was follow ed in all th e series of strain d eterminations reporLed h ere; the maximum load in eith er tension or compression was of such magni tud e as to cause a nominal stress of approximately 30,000 lb /in. 2 in the outer fib ers of the sp ecimen , the in termediaLe load s b eing about half as large.
In order to give an idea of the r elationship between th e ordina tes on figure 5 and actual dimensions on the difhaction pattern s, th e ch ange in tan 28 corresponding to O.I-mm displacem ent on the pattern is indicated at the righ t of th e fi gure. On L h e left side of the graph is a cur ve (G) represen ting th e galvanom eter defl ections in th e pattern -m easurin g instrllnoment whi ch were observed in traversin g a typical KCX l lin e. The zero poin t for this curve was taken as th e minimum density observed b etween th e KCX 1 and K CX2 lines, and this minimum is represented b y th e left edge of th e graph . That i , th e t otal h eigh t of th e graph represents a change of tan 28 consid erably less th an the width of the diffraction line.
Previous work (footnote 2) had shown that the most convenient m easure of the lattice strain was the difference in the values of tan 2(J between the patterns taken with the beam incident at 45° and those taken at normal incidence. This difference (tan 2(JB -tan 2(JA) is shown in figure 6 plotted against the bending moment applied to the specimen. From a study of a number of graphs of this type, it was possible to determine which changes from linearity in the experimental points were due to plastic deformation in the specimen and which were simply scatter. The numbers adjacent to the points represent the order in which the respective loads were applied. The location of the points and the reasons for drawing the lines in the particular manner shown can be explained as follows: for points 2 and 3 the applied loads caused only elastic deflection of the specimen, so the lattice strain was proportional to the bending moment in this range. However, when the moment was increased above a certain point, plastic deformation began to take place on one or both surfaces of the specimen, and there was little or no further increase in lattice strain, therefore point 4 is offset to the right of the line joining points 1, 2, and 3. When the high positive moment was reversed, it would be expected that the lo cus of the plotted values would follow the elastic relationship shown by the dotted line. On reaching a negative lattice strain of about the same magnitude as that at which plastic deformation occurred in th e positive direction, the increase in elastic strain again practically stopped so that point 5 is offset to the opposite side of the original elastic line. On release of this moment, the values again followed an elastic line parallel to the original one, the ' final point 6, representing a residual tension in the surface of the specim~n undrr study.
The above appears to be a logical interpretation of the observed data, and the practice was adopted {3.
-.008 of determining the slope of the elastic line for a given condition by averaging the slope b etween points 2 and 3 with that between 5 and 6. On returning to figure 5 and drawing lines determined in this way for both sets of data, it was found that the deviation of the points from the lines was reasonably small. All other methods of analyzing the data that were . investigated resulted in deviations that were larger than would be expected in view of t.he precision of the data.
This average slope appears to be the characteristic of the data obtained in this investigation that most nearly corresponds to the composite slope that Glocker measured. Accordingly, in order to test the correctness of his hypothesis, the value of this slope was plotted against the number of stress cycles to which the specimen had been subjected when the series of strain determinations wer e made. Figures  7 and 8 show these graphs for specimens stressed above and below the fatigue limit, respectively, the ordinate being expressed in terms of the percentage of the slope for the normalized material. The values of the slopes for these two specimens are given in • The M-D curve represents the relationship between the applied bending moment and the lattice straill (as measured by the difference ill tan 28 for norma l a nd oblique patterns) .
b A fatig ue crack formed in this specimen between 35,000 and 40,000 cycles.
A subsequent te t , not shown on figure 8, was performed on the specimen that had run 51 million cycles at 35,000 lb /in.2 The stress was raised to 54 ,000 lb/in. 2 and th e specimen run 25,000 cycles before making a series of strain determinations. The slope obtained from this series was 78 percen t of the original value. This is above th e lowest value obtained during stressing below th e fatigue limit, and so close to the value after 51 X 10 6 cycles that th e change can h ardly be considered signifi cant. The fatigue crack formed in this specimen between 35,000 and 40, 000 cycles.
IV. Discussion
It is believed that figures 7 and 8 provide the answer to the original problem on which this work was based; it can be seen that there is a decrease in slope for both conditions, and the magnitude of th e decrease is not much greater for the specimen stressed above the fatigue limit than for that stressed below. The ch ange, therefore, cannot be said to be due to fatigue damage. This is further verified by the subsequent test on the specimen stressed below th e fatigue limit. The conditions that caused the greatest decrease for th e specimen str c sed originally above the fatigue limit caused a decrease of only 5 per cent in the slope for th e specim en that had had prior fatigue stressing.
While the primary problem for which th e proj ect was initiated has been solved, this worl has raised scveral n ew questions and has pointed the way to other possibly fruitful lines of research. For example, it is surprising that a specimen that h as b een ubject, ed to millions of cycles of stress with a maximum value of 35,000 Ib/in. 2 (th e data of figs. 5 and 6 represent this condition) can be deformed plastically by a static stress less than 30,000 lbjin. 2 The further investigation of this anomaly would undoubtedly provide valuable information on th e m echanisms of plastic deformation and fatigue.
V. Summary 1. D eterminations were made of the r elationship between the bending moment applied to th e specimen and the lattice strain in the most highly str essed fib ers as obtained by X-ray measurements. The slope of the curve representing these measurements usually deCI'eased with increasing amoun ts of fa tigue str essing applied before th e determinations were made.
'2. The gr eatest decrea e in slope wa of the arne order of magni tude for specimens stressed above and below th e fa tigue limit. A specimen that h ad run 51 X 10 6 cycles at a str ess below th e fatigue limit was subsequently stressed for about 70 percent of its life at a str ess ampli tude above the fatigue limi t. Almost no change in th e slope was found after this dam aging tr eatment.
3. These determinations, therefore, do not appear to give any correlation with fatigue damage.
4. The data indicate th at even after millions of cycles of fatigue stressing plastic deformation occurred under static stress less th an th e prior fatigue str ess.
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